A simple, versatile, and efficient synthesis of 4H-pyran derivative compounds is achieved via a three-component cyclocondensation of aldehydes, malononitrile, and ethyl acetoacetate, using ammonium hydroxide as the catalyst, promoted by infrared irradiation. The present method offers several advantages, such as high yields, non hazardous reaction conditions as well as short reaction times.
Introduction
Multicomponent reactions (MCRs) have greatly contributed to the convergent synthesis of complex and structurally interesting organic molecules from simple and readily available starting materials, and have emerged as a powerful tool for drug discovery [1] . In the other hand, 4H-pyrans are an important class of heterocycles because the core fragment is constituted by a great variety of natural products and biologically active compounds. The latter compounds, which have many pharmacological properties and play important roles in biochemical processes [2] , include a selective inhibitor of excitatory amino acid transporter subtype 1 [3] , IKCa channel blockers [4] , A3 adenosine receptor antagonists as potential anti-inflammatory agents [5] , and pro-apoptotic activity against cancer cells (administered alone or in combination with chemo-and radio-therapy) [6] . In addition, they can be used as cognitive enhancers for the treatment of neurodegenerative diseases [7] . Therefore, the synthesis of 4H-pyrans and their derivatives has attracted much attention in organic synthesis [8] .
The typical procedure to synthesize pyran derivatives is usually a two-step reaction carried out between a Michael acceptor (arylidenemalononitriles) and β-dicarbonyl compounds in the presence of a base as the catalyst (piperidine, morpholine or metal alkoxides) in ethanol or other solvents (DMSO, DMF). A variety of methods have been used to prepare 4H-pyrans, which involve several catalysts such as KF/Al 2 O 3 [8c], Baker´s yeast [8e], hexadecyldimethylbenzyl ammonium bromide (HD-MBAB) [9] , InBr 3 [10] , and H 6 P 2 W 18 O 62 . 18H 2 O [11] . In addition to the employment of alternative activating sources, such as microwave irradiation [12, 13] , combined microwave and ultrasound irradiation [14] , and electro-oxidation [15] , sometimes an ionic liquid is employed [12] . Although these methods are valuable, they suffer from one or more disadvantages, such as hazardous reagents, high temperature, long reaction time, low yields, and tedious workup. Hence, it is important to continue to search for simpler and more efficient protocols.
One of the objectives in modern synthetic organic chemistry is to carry out reactions with effective, clean, economical, and environmentally safer methodologies [16] . In this sense, the synthetic reactions using infrared irradiation, as a source of heating, constitutes a significant advance in the development of environmentally benign methods [17] , being one of the main focuses of our research group. In this context, numerous reactions have been included in our studies, among them the Knoevenagel condensation [18] , the Biginelli reaction [19] , the direct conversion of aromatic aldehydes into the corresponding nitriles [20] , the Fischer indole reaction [21] , the formation of N-benzylideneanilines [22] , and more recently, the molecular rearrangement of perezone into isoperezone [23] .
In keeping with our interest in the application of infrared irradiation in organic synthesis, we herein disclose a simple and efficient synthesis of 4H-pyran derivatives via a three-component cyclocondensation reaction of aldehydes, malononitrile, and ethyl acetoacetate using ammonium hydroxide as the catalyst. To the best of our knowledge, this is the first time that this cyclocondensation has been promoted by infrared irradiation.
Results and discussion
Initially, we carried out the cyclocondensation reaction of benzaldehyde (1a), malononitrile (2), ethyl acetoacetate (3) and commercial ammonium hydroxide (1:1:1 equiv. mol and 28 mol%, respectively) at reflux temperature for 1 h, which led to a poor yield (45%) of 4H-pyran 4a (Table 1 , entry 1). In spite of increasing the reaction time to 2 h, no appreciable increment was observed in the yield of the desired product.
Therefore, an attempt was made to promote the target reaction by employing infrared irradiation as the source of heating, by taking into account that we have previously demonstrated that Knoevenagel adducts can be easily prepared by using infrared irradiation for the condensation of benzaldehydes and malononitrile in solvent-free conditions [18] . Interestingly, when this protocol was applied to the condensation of benzaldehyde (1a), malononitrile (2), ethyl acetoacetate (3), and commercial ammonium hydroxide, the 4H-pyran derivative 4a (Table 1, entry 2) was isolated in excellent yield (98%) after only 10 min of reaction.
Thus, we evaluated the amount of ammonium hydroxide required for this transformation. By using 10, 20 and 40 mol% of the base under same reaction conditions, we obtained 50%, 85% and 97% yields, respectively. The highest yield was obtained (98%) when the reaction was loaded with 28 mol% of the base (Table 1 , entries 2-4). Increasing this catalyst beyond that concentration did not affect the yield. It is important to note that in order to obtain the product 4a in pure form, a simple filtration and recrystallization were carried out.
A series of organic and inorganic bases were then tested and compared to ammonium hydroxide. As shown in Table 1 (entries 5-8), good yields were obtained with triethylamine, morpholine, sodium hydroxide or ammonium chloride as a base. However, afterwards the purification of the desired product was more difficult in comparison with the use of amonium hydroxide.
Finally, we examined the effect of the solvent on the reaction. When using protic and aprotic solvents, EtOH afforded the product in excellent yield (98%), whereas DMF and dioxane gave only moderate yields (Table 1 , entries 9, 10 and 11).
According to these results, we decided to perform the reaction with the mixture of 1a, 2, and 3 (1:1:1 equiv. mol), and NH 4 OH (28 mol%). This mixture was irradiated with an infrared lamp (OSRAM R-20 bulb, 127 V, 250 W, λ = 1255.6 nm) [24, 25, 26] at reflux temperature for 10 min, under solvent-free conditions (Table 1 , entry 2). After this time, the conversion of the substrates into 4a was very efficient, leading to the desired 4H-pyran 4a in high yield (98%).
To validate this new method and to assess the effect of different substituents on the formation of the 4H-pyrans, both electron-poor and electron-rich aromatic aldehydes, as well as heteroaromatic and aliphatic aldehydes were employed. In all cases, almost the same result of cyclocondensation was observed, giving the desired adduct ( Table 2 ). Aliphatic aldehydes gave the corresponding 4H-pyrans in lower yield (45-58%) (entries 12-13) than aromatic and heterocyclic aldehydes. However, no obvious correlation was found between the nature of the substituent on the aromatic or heterocyclic ring and the yield of this conversion. One of the major advantages of this protocol is the isolation and purification of the products, which have been achieved by simple washing and crystallization of the crude products. The structural elucidation of products 4a-m was made on the basis of their spectroscopic data. Thus, for instance, infrared (IR) spectra of 4c exhibited bands at 3335 (NH 2 ), 2194 (CN), and 1676 (C=O) cm -1 . The 1 H NMR spectrum of 4c showed the presence of: (i) four aromatic protons at 7.42-8. 16 ppm attributed to system AA´-BB´; (ii) a triplet and quartet at 1.01 and 3.97 ppm integrating for three and two protons of the ethoxycarbonyl group, respectively; and (iii) three singlet at 2.38, 4.47 and 6.86 ppm identified as the methine (C-4), methyl (CH 3 ), and NH 2 protons. The 13 C NMR spectrum displayed: (i) a signal at 169.1 ppm due to the carbonyl group, and at 117. The formation of 4 can be explained by the possible mechanism presented in Scheme 1. The reaction can occur via the initial formation of the α,β-unsaturated compound A, from the Knoevenagel condensation reaction between aldehyde 1 and malononitrile (2) , which undergoes nucleophilic attack of the anion of ethyl acetoacetate (3) to give the Michael adduct B. Then, the latter promotes the cyclization to intermediate C, and subsequent tautomerization to afford the polyfunctionalized 4H-pyrans 4. However, an alternative mechanism cannot be ruled out, in which the pathway starts from the reaction between 1 and 3 to generate the α,β-unsaturated compound E, which in turn undergoes the conjugated addition of the anion of malononitrile to afford adduct B. This latter possible mechanism follows the same sequence of reactions shown in the first case, giving rise to adduct 4.
To test of the proposed mechanism, the reaction between benzylidenemalononitriles 5a-d, ethyl acetoacetate (3) and NH 4 OH (28 mol%) was carried out under infrared irradiation. The target compounds 4a-c and 4h were obtained in slightly lower yields than those obtained by the three-component reaction (Table 3) . In contrast, when we attempted to test the second mechanistic route, starting from benzaldehyde (1a) and ethyl acetoacetate (3), the product of the Knoevenagel reaction, E, was not formed, leading to a complex mixture of products.
Conclusion
A novel and efficient three-component method for the synthesis of 4H-pyran derivatives, catalyzed with NH 4 OH and promoted by infrared irradiation is described. Compared with other procedures, this method has the advantage of being a single step and Fig. 1 . Molecular structure of 4b and 4c with thermal ellipsoids at the 30% probability level. X-ray diffraction data were collected on an Oxford Diffraction Xcalibur S single-crystal X-ray diffractometer.
General procedures for the preparation of 2-amino-3-cyano-4H-pyrans derivatives (4a-m). Method A.
A mixture of aldehyde 1a-m (3.0 mmol), malononitrile 2 (3.0 mmol), ethyl acetoacetate 2 (3.0 mmol) and ammonium hydroxide solution 28% w/w (373 mg, 3.0 mmol) was placed in a 25 mL round-bottom flask equipped with a condenser. The mixture was irradiated with an infrared lamp at reflux temperature for ∼10 min, under solvent-free conditions, until the consumption of the substrates. The reaction was monitored by 1 H NMR or tlc. After cooling, the product mixture was directly submitted to recrystallization from water/ethanol (90:10), affording the corresponding pure 4H-pyran derivates 4a-m.
Method B. A mixture of the benzylidenemalononitriles 5a-d (1 mol-equiv.), ethyl acetoacetate 3 (1 mol-equiv.) and an aqueous solution of ammonium hydroxide, 28% w/w (373 mg, 3.0 mmol) was placed in a 25 mL round-bottom flask equipped with a condenser. The mixture was irradiated with an infrared lamp [24] for ∼5-30 min, under solvent-free conditions, until the consumption of the substrates. After cooling, the product mixture was directly submitted to recrystallization from water/ ethanol (90:10), affording the corresponding pure 4H-pyran derivates 4a-c and 4h.
The target compounds were fully characterized by their physical and spectral data. In the case of known compounds, their physical and spectroscopic data were compared with those reported in the literature and found to be related. 18 .0 (CH 3 ), 38.5 (C-4'), 57.0 (C-3'), 60.0 (OCH 2 CH 3 ), 107.1 (C-5'), 119.6 (C≡N), 125.5 (C-2), 125.6 (C-4 and C-6), 128.8 (C-5), 144.9 (C-1 and C-3), 156.6 (C-6'), 158.5 (C-2') 
